Citriculture is an important agricultural activity worldwide, occupying a relevant position in Brazil among fruit tree production for both the fresh fruit market and the processing industry for concentrated orange juice export. Recent advances in the country's citrus nursery tree production system have been essential to guarantee the efficiency and competitiveness of Brazilian citriculture. The implementation of strict laws and regulations to produce trees in protected environments and improvements in production techniques for basic citrus propagation materials and nursery trees in São Paulo state has excluded the insect vectors of destructive diseases such as citrus variegated chlorosis and huanglongbing, making this an innovative reference system for citrus propagation around the globe. The main aspects of these advances are presented and discussed in this review, including advances in propagation techniques, scion and rootstock selection, genetic characterization and certification, tree size standards, cultural practices such as irrigation and fertilization for the production of citrus propagation materials and nursery trees, and nursery management tools.
Introduction
The total fruit production in Brazil in 2018 was estimated in approximately 45.6 million metric tons Propagation by cuttings: Scions obtained by cuttings are clonal plants, meaning that they have the same genetic identity as their parental trees, and their use is considered a vegetative propagation method (ARAÚJO et al., 1999; MARTINS, 2003) .
The use of cuttings for citrus nursery tree production is still limited. Webber (1948) reported its use in citron (Citrus medica L.) production in Sicily, Italy. Pompeu Jr. (2005) indicated that the technique was used in Florida, United States of America (USA), to obtain 'Tahiti' (Citrus latifolia Tanaka) acid lime plants, inducing earlier production compared to that in grafted plants. Cuttings of the 'Tahiti' acid lime presented rooting success greater than 90% under nebulization (ARAÚJO et al., 1999; PRATI et al., 1999) .
The production of adventitious roots by rooted cuttings leads to the formation of plants with a more superficial root system than that observed in plants grown from seeds (CASTLE; YOUTSEY, 1977) . Therefore, it is possible that such plants will be more susceptible to tip-over after planting in the field. Plants obtained from cuttings are usually smaller than those that originated from seeds. Rooted trees can also be similar to ungrafted trees in terms of their poor adaptation to different soil conditions, and present variable resistance or tolerance to abiotic and biotic factors such as water stress, salinity, and Phytophthora gummosis (WEBBER, 1948) .
On the other hand, cuttings may be a good option for rootstock propagation in varieties with low numbers of seeds per fruit, such as 'Sunki' mandarin [C. sunki (Hayata) hort. ex Tanaka] (OLIVEIRA et al., 2014; SARMIENTO et al., 2016) . Semi-woody cuttings of 'Swingle' citrumelo [C. paradisi Macfad. × Poncirus trifoliata (L.) Raf.] derived from juvenile material can be used to obtain rootstocks for the production of grafted trees or be used for inarching in the field (MOURÃO FILHO et al., 2009) . Recently, procedures to increase propagation of rootstocks by root cuttings have been evaluated in Florida and found to propagate seedless materials or those with low seed counts, and to accelerate the production of certain rootstocks and budwood for nurseries SILVA, 2017a; .
In vitro micropropagation: Advances in the development of micropropagation protocols to produce uniform rootstocks from parthenocarpic fruit with low numbers of seeds or low percentages of polyembryony were described by Carimi and De Pasquale (2003) , Sharma et al. (2009) , and Tallón et al. (2012) . Although this method increases the cost of production per tree, it can guarantee uniformity and genetic fidelity, as in several other species that are already propagated by this method. The use of micropropagation at a large scale started in the 1980s with the propagation of ornamental plants, vegetable crops, and other fruit trees (KITTO, 1997; WINKELMANN et. al., 2006) .
Micropropagation has been used in citrus as an important auxiliary biotechnological tool and for the rapid multiplication of new materials with horticultural characteristics of interest . This method was already used commercially in Brazil for the propagation of 'Sunki' mandarin in the 1980s due to its small number of seeds and low seed availability (CARVALHO, 1992) .
Plants propagated by seeds, both from zygotic and nucellar embryony, present a pivotal or axial root system, with a pivotal root responsible for growth in depth (ESAU, 1977) . The root system is bimorphic, consisting of a primary root and derivatives called secondary roots (CASTLE, 1980) . There is a low predominance of the occurrence of a pivotal root in micropropagated plants as well as those obtained by cuttings. These plants are characterized by having a ramified and more superficial root system, with greater susceptibility to drought stress and tipping over (CARVALHO, 1992) .
Micropropagation is gaining more importance due to the tendency of producers to use more compact plants at higher planting densities associated with irrigation needs, which eliminates the drawbacks of trees with shallower root systems . Considering the high demand for rootstock varieties with these characteristics and the difficulty of the largescale multiplication of newly introduced materials from breeding programs, the commercial production of citrus rootstocks using micropropagation has been successfully achieved in several countries by private companies (BORDAS et al., 2016) .
Grafting: The great majority of commercial citrus orchards planted worldwide are propagated by grafting, and there are records of grafting occurring in São Paulo nurseries since 1912 (HASSE, 1987) . There are many advantages in the use of grafting when compared to the use of seedlings, especially the reduction of the juvenile period, production of more compact trees that better facilitates harvesting and handling, and the adaptation of the plant to unfavorable soil and climate conditions (DAVIES; ALBRIGO, 1994) .
Even though grafting has promoted the advancement of commercial citrus production in Brazil, few improvements in the technique have been reported in recent years. In general, grafting in citrus results in a high yield, with practically 100% success when performed by bud slipping in the shape of an inverted T. Although some studies have evaluated alternatives for propagation, such as micro-bud grafting (SKARIA, 2000) , apical stem grafting , and even seed grafting (BAR-JOSEPH, et al., 2011) , the high yield observed from traditional grafting in citrus nurseries may be one of the reasons why other methods have not yet been developed and/or widely used. However, techniques for improving conventional budding have been investigated, such as the Rev. Bras. Frutic., Jaboticabal, 2019, v. 41, n. 6: (e-422) use of photodegradable tape, which eliminates the need for manual tape removal after grafting and thus saves labor in the nursery (OLIVEIRA et al., 2004; HAYASHI et al., 2012) .
Inter-grafting: This technique is necessary when there is incompatibility between the scion and rootstock, but the nurserymen or growers still want that specific combination. This is the case for the grafting of 'Pera' sweet orange [C. sinensis (L.) Osbeck] on 'Volkamer' lemon (C. volkameriana V. Ten. & Pasq.), or selections of trifoliata [Poncirus trifoliata (L.) Raf.] and some of its hybrids, such as the 'Swingle' citrumelo . When needed, the production of 'Pera' trees is possible by using inter-grafting, the attachment of a 'filter' or 'sandwich' of another sweet orange graft, for example a graft of 'Valencia' between the 'Pera' and 'Swingle' (GIRARDI; MOURÃO FILHO, 2006; CARVALHO et al., 2011) . Although the cost of producing inter-grafted trees is higher than that of conventional trees, this technique has made it possible to produce 'Pera' in regions with a high risk of CSD, such as in the northern part of São Paulo state and in the southern part of Triangulo Mineiro in Minas Gerais state (JESUS JUNIOR; BASSANEZI, 2004) , where the use of 'Rangpur' lime (C. limonia Osbeck) as a rootstock is not recommended.
Use of nursery trees with two rootstocks: To overcome the low adaptability of 'Swingle' citrumelo in conditions of low soil moisture, nurserymen started producing trees with two rootstocks, especially those of 'Rangpur' lime and 'Swingle' citrumelo. This strategy would serve as a protection for the plants in regions potentially affected by CSD but with no need for irrigation. The 'Rangpur' lime would act as a drought tolerant rootstock and, in the event of root damage or death by the disease, the 'Swingle' citrumelo roots would continue to feed the plant (SETIN et al., 2005 (SETIN et al., , 2009 ). The technical feasibility and scientific evidence of the validity of this practice are yet to be confirmed.
Scion and rootstock selection
Brazil is the world's largest producer of sweet oranges, with oranges accounting for 89% of the cultivated area in the state of São Paulo and southeastern Triangulo Mineiro in 2018, followed by acid limes and lemons accounting for 8%, and mandarins for 3% of the area (INVENTÁRIO, 2018) . There are also small areas in which 'Persian' limes, grapefruits, citrons, and kumquats are cultivated.
The number of varieties used in commercial orchards has been relatively stable over the last 50 years. The most frequently planted sweet oranges are 'Hamlin' (early maturing), 'Pera' (mid-season maturing), and 'Valencia' and 'Natal' (late maturing) (Table 1 ). In the case of 'Pera' sweet orange, the most widespread clone in São Paulo and its neighboring states is 'Pera IAC', which is pre-immunized against the most severe isolates of citrus tristeza virus (CTV) (MÜLLER et al., 1999; CARVALHO et al., 2015b) . 'Pera D6' is usually planted in the northeastern region of Brazil (CUNHA SOBRINHO et al., 1980; PRUDENTE et al., 2004; PASSOS, 2011) . The published inventory for the São Paulo and southeastern Triangulo Mineiro region indicates that more than 194 million sweet orange trees (productive and non-productive) are grown there, comprising 11% 'Hamlin', 35% 'Pera', 27% 'Valencia', 11 % 'Natal', and 4% 'Folha Murcha' trees, with the remaining 13% of trees distributed among more than 15 other varieties (ESTIMATIVA, 2018) .
The limited number of sweet orange varieties used in Brazil is due the focus of cultivation in this country on the juice market and the lack of better substitutes. This stable composition favors the prevalence of a limited genetic pool, inducing the potential for phytosanitary problems due to the close genetic base shared among such cultivars.
The main desirable characteristics in sweet orange varieties destined for use in industrialization (i.e. juice production) are high fruit yield and adequate juice quality (volume, color, soluble solids content, and total acidity). Varieties used for fresh fruit production must also present attractive coloration and low seed numbers or parthenocarpy, in addition to out-of-season maturation (early or late) for higher market value.
Several breeding programs around the world have sought to produce new varieties of sweet orange and other citrus species. In Brazil, improvement teams are located at the Campinas Agronomic Institute's 'Sylvio Moreira' Citrus Research Center (CCSM-IAC), University of São Paulo's School of Agriculture 'Queiroz' (ESALQ-USP), University of São Paulo's Center for Nuclear Energy in Agriculture (CENA-USP), Brazilian Agricultural Research Corporation (Embrapa), and Paraná Agronomic Institute (IAPAR).
Some new materials have been made available to citrus growers in recent years, with emphasis on sweet orange varieties, such as 'Iapar 73' (TAZIMA et al., 2000) , 'Charmute de Brotas' (NASCIMENTO et al., 2005) , and 'Homosassa' (CAVALCANTE et al., 2009) . The navel oranges 'Navelina', 'Navelate', 'Lanelate' , and 'Salustiana' (CAPUTO et al., 2012) were introduced from Uruguay by Embrapa Temperate Climate through Embrapa Genetic Resources and Biotechnology and indexed for viruses from June 1999 onward at the CCSM-IAC .
Because of the presence of pigments that provide protection from oxidative stress, heart disease, and certain types of cancer (due to their capacity to inactivate free radicals), sweet oranges with a reddish flesh coloration have been especially recommended for consumption to Rev. Bras. Frutic., Jaboticabal, 2019, v. 41, n. 6: (e-422) improve human health. Among these, the 'Bahia Cara Cara' variety, which originated from Carabobo, Venezuela, and is rich in lycopene, stands out, as do other red sweet oranges and several true blood sweet oranges (BASTOS et al., 2014) with a more intense pulp and juice color provided by the high levels of anthocyanins in their flesh, such as 'Moro', 'Sanguinelli', 'Tarocco', and 'Malta Blood', which were introduced from different countries in the Citrus Germplasm Bank of the CCSM-IAC (LATADO, 2016) .
One hundred and fifty-two citrus varieties were introduced in 1998 in Brazil from Italy, Corsica, Spain, and Portugal by the Bebedouro Citrus Experimental Station. The introduction and quarantine were done by Embrapa Genetic Resources and Biotechnology, and the materials were indexed for viruses at the CCSM-IAC. Among these, 'Navelina ISA-315' presents particularly good potential for cultivation due to its demonstrated resistance to CVC in the field (FADEL et al., 2014) . This clone was diagnosed as harboring the viroids of cachexia and xyloporosis and having been sanitized and pre-immunized against the most severe strains of CTV .
The 'Shamouti' sweet orange presented excellent performance in field evaluations for tolerance to the citrus canker bacterium (Xanthomonas citri subsp. citri (ex Hasse) Gabriel et al., 1989 ) (CARVALHO et al., 2015a . On the other hand, due to problems with blooming and fruiting in crops of this variety in the southern region of Brazil, it requires trunk girdling in the fall to achieve better performance (KOLLER et al., 2000) .
In addition to the promising seedless materials obtained by mutation (LATADO et al., 2001) , the adaptability of several 'Pera' sweet orange clones to different rootstocks and climates has also been indicated in studies done in the states of Paraná and São Paulo (TAZIMA et al., 2010; MAIA et al., 2013; CARVALHO et al., 2015b) .
New introductions of mandarins and hybrids have led to the dissemination of new cultivars in Brazil. This is important for the diversification of varieties in Brazil, since this market is still dominated by the 'Ponkan' mandarin (C. reticulata Blanco), followed by small proportions of the 'Murcott' tangor [C. sinensis (L.) Osbeck × C. reticulata Blanco], 'Cravo' mandarin (C. reticulata Blanco), and 'Do Rio' and 'Montenegrina' mandarins (C. deliciosa Ten.) . Although 'Ponkan' is preferred by the Brazilian consumer, it is problematic for commercialization due to its high numbers of seeds and short post-harvest conservation period. New materials indexed for viruses introduced from the CCSM-IAC's Citrus Germplasm Bank have been evaluated, and as a result, the 'Fremont' (C. clementina Hort. ex Tan. × C. reticulata Blanco) and 'Thomas' mandarins (C. reticulata Blanco) have already been released (AZEVEDO et al., 2010; BASTIANEL et al., 2014; PACHECO et al., 2017) .
The 'Murcott' tangor hybrid has also been gradually replaced by other cultivars that are equally productive and more resistant to the Alternaria brown spot disease (Alternaria alternata f. sp. citri), a disease with high control costs. Originally from Morocco and introduced in California, USA, in 1985 as 'W Murcott', the 'Afourer' tangor, also known as 'Nadorcot' (NADORI, 2004) , produces seedless fruits with earlier maturation than those of 'Murcott'. In 2000, through the Florida Department of Agriculture and the Campinas Agronomic Institute's Quarantine Center, this variety, which had been micrografted and pre-immunized, was introduced in Brazil by the CCSM-IAC and registered at the National Register of Cultivars (RNC) of the Brazilian Ministry of Agriculture, Livestock, and Food Supply (MAPA) as 'IAC 2013 WM'.
The 'Dekopon' hybrid, a seedless variety obtained from the crossing of 'Ponkan' mandarin (C. reticulata Blanco) with 'Kiyomi' tangor [C. unshiu Marcow x C. sinensis (L.) Osbeck], was developed in 1972 in Nagasaki, Japan. This variety is known as 'Shiranui' in Japan, 'Sumo' in the USA, and 'Kallabong' and 'Jallasan' in South Korea (OLIVEIRA et al., 2012) . This variety was introduced in Brazil in the 1980s and indexed and micro-grafted at the CCSM-IAC, and was registered at the RNC of MAPA PIO, 2003; SORRENTI et al., 2008; CANTUARIAS-AVILÉS et al., 2010; TAZIMA et al., 2015) . They are currently recommended as apyrenic cultivars of citrus fresh fruit by Embrapa Temperate Climate and partner institutions for use in southern Brazil BORGES et al., 2009 ). In the northeastern region of Brazil, the 'Piemonte' tangor [C. clementine hort. ex Tanaka × (C. sinensis L. Osbeck × C. reticulata Blanco)] has been presenting good fruit production with high quality, even in tropical climate conditions (CARVALHO et al., 2016a) . More recently, the cultivar 'IAC 2019Maria', which originated from a cross between 'Murcott IAC' and 'Pera IAC' and has fruit similar to those of the 'Murcott' tangor but maturing earlier (between April and June), was the first citrus cultivar from the Campinas Agronomic Institute protected under the National Service of Cultivar Protection of MAPA (CRISTOFANI-YALY, 2017). Pio et al. (2005) Rev. Bras. Frutic., Jaboticabal, 2019, v. 41, n. 6: (e-422) Among the acid limes, the Mexican lime variety, known in Brazil as 'Galego' [C. aurantiifolia (Christm.) Swingle], has a limited market. The most cultivated variety is the 'Tahiti' lime. The most prevalent clone of 'Tahiti' lime in São Paulo is 'IAC 5' (also known as 'Peruano'), which is of nucellar origin (FIGUEIREDO, 1991) . This clone was later submitted to clonal cleaning and preimmunized against the most severe isolates of CTV and named 'Tahiti IAC 5-1' (CARVALHO et al., 2001a) , and then became the most widely cultivated clone in São Paulo state. The 'CNPMF-1' and 'CNPMF-2' clones of 'Tahiti' lime are more common in the northeastern region of Brazil . Even though legislation prohibits the delivery of trees contaminated with citrus diseases by nurseries since diseased plants are smaller and induce outof-season fruiting compared to that of healthy trees, 'Tahiti Quebra-Galho' is still cultivated in São Paulo and other states, despite it being contaminated with citrus viroids (CVd), including those of citrus exocortis (CEVd) . Recent studies indicated the potential of new 'Tahiti' acid lime cultivars to achieve high productivity in both irrigated and non-irrigated orchards in São Paulo and Bahia states, including such nucellar clones and accesses introduced from other countries as 'BRS Ponta Firme', 'CNPMF-01', 'CNPMF-02', ' Persian-58', and '5059' (BREMER NETO et al., 2013; SANTOS et al., 2016) .
The true lemons [C. limon (L.) Burm. f.] most frequently cultivated in Brazil are of the 'Eureka', 'Femminello', 'Lisboa', and 'Genova' varieties, for which the Sicilian synonymy is generally used, alluding to the origin of the first lemons introduced in the country from Sicily, Italy .
Regarding the varieties used as rootstocks, the use of 'Rangpur' lime has been predominant since the citrus tristeza virus outbreak in the late 1930s and has mainly been used to produce viroid-free sweet orange nucellar clones. The reasons for this include this variety's rusticity, resistance to drought, and vigor in the nursery and in the field, as well as the precocity of its fruit production and its high productivity . However, as a result of CSD (INFORMATIVO, 2001; MACCHERONI et al, 2005) , a significant change in the scion/rootstock combinations used occurred, with the occurrence of 'Swingle' citrumelo becoming higher (Table 2) . In 2015, the percentage of rootstock varieties used in São Paulo orchards was 46.2% 'Rangpur' lime, 19.4% 'Swingle' citrumelo, 4.6% 'Sunki' mandarin, and 2.5% 'Cleopatra' mandarin (C. reshni hort. ex Tanaka) (POMPEU JR.; BLUMER, 2016). However, this distribution tends to change over time, with the use of 'Swingle' citrumelo likely to surpass that of 'Rangpur' lime in the near future. In 2016, 50% of the approximately 10.5 million nursery trees produced in São Paulo nurseries were grafted on 'Swingle' citrumelo, with only 33% grafted on 'Rangpur' lime (Table 2 ). There is also more use of P. trifoliata hybrids in comparison to that in previous years, which is probably due to the expansion of the trifoliate dwarfing variety 'Flying Dragon' [P. trifoliata var. monstrosa (T. Ito) Swingle], especially as a rootstock for the 'Tahiti' acid lime ESPINOZA-NUÑEZ et al., 2011; STUCHI et al., 2003) .
It is also important to mention that other studies evaluating disease-tolerant rootstocks with lower irrigation demand also have a smaller canopy size, increasing the efficiency of production per canopy volume . This strategy has been adopted in recent years due to the increased frequency of the HLB disease. Technologies that include the production of smaller trees and use of increased planting densities have been investigated in other countries to compensate for the eradication of infected plants and maintain productivity. Among other strategies for reduction in tree size, the use of viroids, 'filters', and 'inter-grafts' can be mentioned (SALEH et al. 2008; HUSSAIN et al., 2012) . Genetic improvements to obtain materials that have reduced canopy sizes, especially tetraploid rootstocks, have also been sought (BRUYERE et al., 2016) .
Studies seeking to increase the diversification of rootstock varieties indicated the great potential of using 'Sunki Tropical' mandarin (SOARES FILHO et al., 2002) , citrandarins and trifoliate hybrids (BLUMER; POMPEU JR., 2005; CRISTOFANI- YALI et al., 2007; RAMOS et al., 2015; CARVALHO et al., 2016b; FRANÇA et al., 2016) , and the 'F80' citrumelo and other trifoliates . The performance of several new rootstocks and their combination with different varieties under nursery conditions was reported by Schinor et al. (2015) , Rodrigues et al. (2015 Rodrigues et al. ( , 2016 , and Parolin et al. (2017) .
Characterization and genetic certification
The adequate characterization of citrus varieties is of great importance for their distinction from those already known, and is essential for their registration in the Brazilian RNC of MAPA. New materials need to be characterized and evaluated under different soil and climatic conditions before they can be made available as scion or rootstock.
Researchers collect and analyze data on the plant growth and production, fruit and juice quality, scion/ rootstock compatibility, and tolerance to pests and diseases of new materials (ZORZO; CARVALHO, 2012). Based on research and consolidated records, most of the citrus varieties used in São Paulo and other Brazilian states have the desirable vegetative and fruit aspects that are well-described in the literature (FIGUEIREDO, 1991; KOLLER, 1994; DONADIO et al., 1995; PIO et al., 2005) . In nursery is recommended that lots of seeds and budwoods used for propagation must checked for their respective morphological description, as early mentioned, aiming to ensure varietal fidelity. This procedure maximize the use of propagules free of variations caused by mutations that may compromise the quality and productivity of the clones (PERIN, et al., 1998) .
More detailed genetic characterization for the purpose of cultivar protection can be done using morphological descriptors. These parameters can be found in the manual 'Descriptors for Citrus' of the International Plant Genetic Resources Institute (IBPGR, 1988) , and in the guidelines for the examination of homogeneity and stability distinction established by the 'International Union for the Protection of New Varieties of Plants' (UPOV, 2003) .
On the other hand, similar rootstock genotypes are difficult to differentiate, especially in the early stages of growth, when their morphological and agronomic characteristics are not fully expressed. Biotechnological tools, including isoenzymatic and molecular markers, have been used to identify seedlings of zygotic origin in breeding programs and in citrus nurseries (ASHARI et al., 1988; ANDERSON et al., 1991; MACHADO, 1998; ANDRADE-RODRIGUEZ et al., 2004; ANDRADE et al., 2007) . Molecular markers are also useful for the genetic certification of citrus varieties used as scions (NOVELLI et al., 2004 (NOVELLI et al., , 2006 MORAES FILHO et al., 2011; SUN et al., 2012; SANKAR et al., 2014) and as rootstocks (SHÄFER et al., 2004; SCHINOR et al., 2011) . As an example, the use of microsatellite or simple sequence repeats molecular markers allowed 'IAC 2019Maria' to be genetically differentiated from 'Murcott IAC' tangor, which is used as a female parent in crosses with 'Pera IAC' sweet orange (CRISTOFANI-YALI, 2017) .
For sweet oranges, promising results have also been obtained with the use of the laser-induced fluorescence spectroscopy (LIFS) technique, which uses the optical properties of leaves to distinguish varieties based on their chemical composition and to differentiate between healthy and diseased citrus plants (MILORI et al., 2013) . The use of LIFS made it possible to discriminate varieties, or even sweet orange clones, with a specificity of 97.5% (KUBOTA et al., 2017) . This technology is a potential tool for the early identification of seedlings in breeding programs, characterization of accessions in germplasm banks, and certification and protection of cultivars. The LIFS technique presented better results in the differentiation of 'Sunki' mandarin selections than the use of molecular markers, which only differentiated 'Sunki Tropical' and 'Sunki Maravilha' from one another and their parents, but did not differentiate the common 'Sunki' and 'Sunki da Florida' varieties from one another (SANTANA-VIEIRA et al., 2014) .
Aiming to meet the demands of the Brazilian citrus industry, the CCSM-IAC, in Cordeirópolis, SP, has been providing genetic certification for rootstock varieties since the early 2000s (COLETTA-FILHO et al., 2004) . Analyses are conducted using the DNA polymerase chain reaction technique and have been used to identify rootstock citrus varieties at the sowing stage, whereas the differentiation of varieties at this stage based on morphological characteristics, such as leaf and thorn morphology, is uncertain. The same applies at the seed stage. Characteristics such as seed size and shape are very useful if the genotypes are different but can lead to uncertainty (Figure 1 ). Exampling the phenotypic differentiation between trifoliate hybrids, such as citranges and citrumelos ( Figure 1 ) and the 'Cleopatra' and 'Sunki' mandarins ( Figure 2 ), in the initial phase of growth is still very uncertain. The genetic confirmation of the rootstock of an adult plant in the field is also possible, but for this purpose it is necessary to obtain a piece of a root or bark below the grafting region. The studies conducted by the CCSM-IAC in recent years using molecular markers for the genetic differentiation of citrus varieties allowed a specific set of primers to be selected that can differentiate among the main varieties and species used as rootstocks (COLETTA-FILHO et al., 1998; CRISTOFANI-YALY et al., 2003; (Table 3) . This test is conducted by comparing the suspect material against reference standards belonging to the CCSM-IAC germplasm bank. Several rootstock varieties, such as trifoliates and their hybrids (with trifoliate leaves), lemons, and mandarins can be molecularly certified using these selected primers (COLETTA-FILHO et al., 2004) .
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In the trifoliate group, genetic certification can be successfully done for several selections of P. trifoliata, such as 'Limeira', 'Davis A', 'Argentina', and 'Rubidoux'. The citrumelo selections 'Swingle', 'F80-5', 'F80-8', and 'F80-18' (all intergeneric hybrids of P. trifoliata × C. paradisi), as well as citranges (intergeneric hybrids of P. trifoliata × C. sinensis), can be genetically certified with a high degree of confidence. However, the 'Troyer' and 'Carrizo' citranges, which seem to be different denominations of the same germplasm, are exceptions to this (SAVAGE; GARDNER, 1965) . Selections of citrandarins may also be genetically discriminated from their trifoliate parent, and from other selections that have the trifoliate leaf as the dominant marker ( Figure 1 ).
Information on lemons and their relatives are only available for the 'Rangpur' lime and 'Volkamer' lemon, since only a few genetic materials are available. The genetic certification in this group of rootstocks is made mainly using lots of seeds, seedlings, and pieces of the rootstock trunk bark already planted in orchards. However, it is not possible to genetically separate the selections 'Palermo', 'Catania 1', and 'Catania 2' from the 'Volkamer' lemon. Selections of 'Rangpur' lime with horticultural differences reported by Pompeu Jr. (2005) were insufficiently separated by the available molecular markers, indicating the need to search for other molecular tools.
Among mandarins, genetic certification is required at the seedbed phase, at which 'Sunki' and 'Cleopatra' are morphologically similar (COLETTA-FILHO et al., 2004) . According to these authors, microsatellite-based primers (CCSM 6R/6F) allowed the 'Sunki' mandarin nucellar clone to be separated from other selections such as 'Tietê', 'Tropical', and 'Maravilha' (Figure 2 ).
Production of propagation material
Regulations for the production of propagation material: Standardization and frequent nursery inspections are of great importance to organizing a system for the assurance of the genetic and sanitary quality of citrus nursery tree production and propagation materials. These objectives are achieved through the establishment of Table 3 . Primers selected in research studies (COLETTA-FILHO et al., 1998; CRISTOFANI-YALY et al., 2003; (GREVE et al., 1991) , and restructured in 1998 to require the use of screens in all nurseries to protect the plants against CVC vectors (CARVALHO, 1998) . The mandatory use of screens was also the main restriction of the Standards for Production of Certified Nursery Trees, a São Paulo state voluntary program introduced in 1994 (NORMAS, 1998). The use of screens was also adopted in January 2003 as a mandatory rule in the production of nursery trees in this state .
The São Paulo State Citrus Mother Tree and the Certified Nursery Trees programs were aimed at the development and dissemination of technology for the production and release of healthy citrus basic materials and were supported by research institutes and public policies (CARVALHO; LARANJEIRA, 1994; BORGES et al., 2000; CARVALHO et al., 2001a; VALLE, 2002) . These programs were the basis for the implementation and improvement of standards and techniques for the production of nursery trees and basic materials in protected environments to exclude the vectors of important diseases, such as CVC and HLB, which made the system used in this state a reference system to be used as a model worldwide.
On a historical note, the legal agreement between the São Paulo State's Secretary of Agriculture and Food Supply (SAA-SP) and MAPA lost validity with the new nationwide law of Seed and Nursery Trees of July 2004 (DECRETO, 2017) , causing a major setback to the citrus industry. The Standards for Citrus Nursery Tree Production and the Certified Nursery Tree Production System were also extinguished on this occasion (CARVALHO, 2014) . Today, the São Paulo State Agricultural Defense Coordination, linked to the SAA-SP, acts only within the phytosanitary aspects of its legal competence, focusing on the physical and genetic standards indicated by MAPA.
According to the federal regulations of December 2005 (INSTRUÇÃO, 2017b), all agents involved in the execution of production activities must register or be certified in the National Nursery Trees and Seed Rev. Bras. Frutic., Jaboticabal, 2019, v. 41, n. 6: (e-422) Plants that are candidates for mother trees should be tested for the presence of systemic pathogens, which may compromise the production or longevity of the plants originating from them. In Brazilian conditions, in addition to severe strains of CTV, the plant health is evaluated for the occurrence of exocortis, psorosis, cachexia, decline, CVC, and HLB . The plants supplying propagation materials must also be free of the citrus canker and of the citrus leprosis virus, although these diseases are not systemic and present lesions limited to the affected organs (branches, leaves, and fruits).
Increasingly faster and more accurate immunological and molecular tests are becoming available, but the diagnosis of the presence of certain pathogens is still dependent on the application of biological tests using indicator plants (Table 4 ). For the establishment of a complete mother tree program, other steps are also necessary, such as shoot tip-grafting, either associated (or not) with thermotherapy and cross-protection against the most severe isolates of CTV or pre-immunization (MÜLLER; REZENDE, 2004) . Only plants maintained in a vector-free, protected environment are used in these processes.
These programs require equipment, products, and specialized technical personnel. The high cost and time required to perform this work restricts it to being done at more complex research institutions, larger companies, or nurseries. These services may be requested from such institutions as the CCSM-IAC (INFORMATIVO, 2017) , and all selected materials must be registered by qualified technicians registered in the RNC and RENASEM of MAPA.
Shoot-tip grafted plants provide buds for the establishment of citrus mother trees, since they are pathogen-free and pre-immunized against severe strains of CTV ( Figure 3A-C) . The use of an anti-aphid screen and antechambers are federal requirements and prevent the entry of insect vectors of diseases. The structure used must be resistant to strong winds and must have a minimum height of 4 m to ensure good internal ventilation (CARVALHO; SETIN, 2014). The use of windbreaks is recommended to protect the structure against inclement weather, and as a preventive practice against contamination with the citrus canker bacteria (BEHLAU; BELASQUE JR., 2014).
Registry (RENASEM) of MAPA. There are specific conditions and documentation for this registration, including the obligatory use of the species or cultivars included in the RNC of MAPA, proof of genetic origin, technical responsibility for the respective class entity, and certificates of genetic sanity.
Nationwide, the production of citrus nursery trees on substrate containing soil has not been allowed since September 2017 (INSTRUÇÃO, 2017a . The mother trees, certified budwood blocks, and certified nursery trees should all be kept in a protected environment, covered by screens with maximum mesh size of 0.87 × 0.3 mm, with an antechamber of at least 4 m 2 and a footbath at the entrance (INSTRUÇÃO, 2017d) . In areas with frequent occurrences of HLB, the certified budwood increase blocks and nurseries must also be kept under a screen, even if they are not used for the production of certified budwood or certified nursery trees (INSTRUÇÃO, 2017e) . The regulation of the production of citrus rootstocks by in vitro micropropagation is also encompassed by federal regulations, which establish the standards for the production and commercialization of nursery trees and other propagation structures obtained through tissue culture (INSTRUÇÃO, 2017a) .
In addition to the federal regulations of MAPA, all those involved in the production and commercialization of citrus propagation materials in the state of São Paulo must also comply with state regulations, such as the mandatory use of screens to protect the nursery trees and mother trees against CVC and HLB vectors, with the exception of rootstock mother trees (SÃO PAULO, 2018b) . This is also mandatory for citrus budwood increase blocks and nurseries (SÃO PAULO, 2018c), and citrus nursery tree storage areas (SÃO PAULO, 2018a). The methodology for collecting samples for laboratory analyses of plant health in basic plants, mother trees, seed supply plants, budwood increase blocks, nurseries, and citrus nursery tree storage areas is also standardized (SÃO PAULO, 2018d).
Mother trees: The trees that supply seeds and budwood are commonly called mother trees and are obtained through the selection of plants from commercial orchards or breeding programs. Their introduction from other countries is strictly regulated by Embrapa Genetics Resources and Biotechnology (EMBRAPA, 2016) or IAC (QUARANTENÁRIO, 2016) , and should follow all quarantine rules to avoid the introduction of new pests and diseases, such as the viruses described in Table 4 , whose occurrence has not yet been reported in Brazil. In addition to citrus canker, specific management practices should also be adopted to avoid contamination with CVC, HLB, and other diseases. Spraying with registered chemical or biological pesticides should be performed when symptoms of scab (caused by the fungus Elsinoë fawcettii Bitancourt & Jenkins) or citrus black spot disease [caused by the fungi Guignardia citricarpa Kiely (teleomorph) and Phyllosticta citricarpa (McAlp.) van der Aa (anamorph)], or the presence of aphids, mites, cochineal scales, or the citrus leaf miner, is detected inside the screened environments. The use of adhesive insect traps is also required. Strict control is necessary of door opening and personnel entrance, and the disinfestation of footwear, vehicles, equipment, and tools is highly recommended . The São Paulo state ordinances do not regulate the quality of water used in the irrigation of mother trees; however, they recommend that attention be paid to not to let water from flooding or insects from the ambient environment enter through drainage holes.
For mother trees planted on the ground (Figure 3C ), the same cultural practices used in commercial orchards, such as soil and leaf analyses, liming, and fertilization via soil, fertigation and/or foliar application, is recommended. In addition to routine inspections, samples of plants suspected of having citrus canker or other diseases should be taken for laboratory tests. Mother trees grown in pots or soil should be evaluated annually, and the samples should be sent to a certified laboratory for testing for CVC and HLB . The occurrence of viruses and viroids in ornamental citrus mother trees was reported by Rizzo et al. (2017) in Italy. The possibility of contamination with diseases transmitted by insect vectors from other plants and commercial orchards emphasizes the importance of the health care of citrus plants produced for all uses, not just in the production of nursery trees for use in industrial juice processing and the fresh fruit market.
As there is no evidence of pathogen transmission through seeds, the mother trees of rootstock varieties may be kept in open-air conditions, but they must also be periodically indexed for viruses, blight, CVC, and HLB (CARVALHO; SETIN, 2014).
Budwood increase blocks: These blocks consist of high-density groups of plants kept in pots or directly in the ground and are exclusively intended for the production of budstick branches. To produce citrus certified budwood, these plants must be maintained in completely enclosed and screened houses, under a screen with an antechamber in the entrance according to federal regulations.
The height of the screened housing influences the internal temperature of the budwood increase blocks, especially when using very large production facilities and a plastic ground cover, which is mandatory in the state of São Paulo. The use of drip irrigation and the plastic ground cover reduces and/or eliminates the leaching of products used to control pests and diseases and the excessive accumulation of water in the trunk, branches, and leaves, reducing susceptibility to such diseases as Phytophthora gummosis and citrus canker (BEHLAU; BELASQUE JR., 2014). The use of plastic in the roof and side walls also allows the use of heat in the colder months of the year.
The plant spacing used in these screened houses depends on the cultivation system adopted by the nurserymen. For the production of budsticks with two or three branches, spacing between 0.3 and 0.4 m has been used within a system of single or double rows spaced from 0.7 to 1.0 m, obtaining up to 200 buds per plant per year when the plants reached maximum production (CARVALHO, 1998; CARVALHO et al., 2000a) .
For the formation of budwood increase blocks, a vigorous rootstock with a satisfactory tolerance to Phytophthora gummosis, such as the 'Rangpur' lime, should be used. This rootstock is considered to be of moderate susceptibility to this disease according to Pompeu Jr. (2005) . The accumulation of moisture and lack of ventilation caused by high densities of plants may favor the development of this and other diseases . As an option that can be planted directly on the ground, the trees multiplied with budwood increase blocks can be maintained in containers with variable substrate capacities of 4 to 20 L (Figure 3 D-F) . The maximum legal period of use of an increase block is 5 years (SÃO PAULO, 2005b). This system allows for the easier substitution of plants but requires greater care with the use of fertilizer and better irrigation management. The substrates used should be free of pathogens, lightweight, and have good drainage. The most common mixtures used are based on pine bark and coconut fiber.
To monitor for different species of sharpshooter leafhoppers (Homoptera: Cicadellidae) and psyllids (ACP, Diaphorina citri Kuwayama) in the budwood increase blocks, yellow adhesive sticky traps should be placed in the screened house to monitor its insect population (HALL, 2009 ). The use of these traps is also efficient to monitor for ACP inside screened houses used for the production of HLB-free citrus nursey trees under protective systems . The application of fungicides, insecticides, and acaricides recommended for citrus crops should also be performed with products in rotation using different modes of action and active ingredients .
Irrigation and fertigation in budwood increase blocks: The irrigation of budwood increase blocks in pots should be performed to supply the tree's water demand based on monitoring the substrate moisture. This can be estimated by manually sensing the substrate (empirical and inaccurate method) and by monitoring the weight of the containers (SPANN; FERGUSON, 2014) or, more precisely, by soil moisture sensors [time-domain reflectometry (TDR), frequency-domain reflectometry (FDR), and others]. In addition, it is possible to monitor the weather conditions to calculate the evapotranspiration rate, allowing for greater precision in irrigation management.
Methods based on measuring the sap flow in citrus budwood using micro-sensors inserted in a section of the stem have also been studied (GIRARDI et al., 2010a) . Although the daily water consumption can be measured directly using low-cost sensors that can be manufactured by the nurseryman, the latter method is still experimental and can cause physical damage to the stock trees after prolonged use.
The most common irrigation methods used for budwood increase blocks are the drip irrigation system and manual irrigation using hose nozzles, rain wands, and overhead micro-sprinklers. Most nurserymen also use a rigid schedule based on timers to control irrigation. The use of automatic timers can be problematic since they do not take into consideration water demand and water availability based on the environmental conditions and plant growth stage.
Regarding the fertilization of budwood increase blocks, an adequate balance of nutrients is necessary to avoid deficiencies. Granular, controlled-release, and water-soluble fertilizers used for fertigation (supplied using separate tanks of pre-prepared blends or complete solutions) can be used, but at faster rates. It is recommended that adequate concentrations of N, P, Mg, and micronutrients are maintained to stimulate the growth of sprouts that will produce the buds to be used for grafting. Bataglia et al. (2008) recommend a balanced formulation for nursery trees in bags that should be adjusted for the budwood increase blocks. Further research is needed to recommend fertilizer types, sources, and application rates, as well as updated guidelines for different varieties and rootstocks.
Collection and processing of buds: The budsticks can be harvested as soon as the branches became semiwoody, with dark-green mature tissue and triangular edges. The branches are cut with disinfected pruning clippers used only for this task and transferred to a clean and shaded place to remove the leaves. The extremities of the budsticks are removed, leaving the central part with approximately 10 to 15 buds .
The budsticks can be stored at 8°C if not used immediately (ROMEIRO et al., 2001) . The sticks are pre-treated with fungicide and placed on a clean and ventilated rack to dry in the shade. If the citrus blackspot (Guignardia citricarpa Kiely) disease's causal agent is present in the producing region, the budsticks can be transported without risk to other disease-free regions, according to the São Paulo state regulation for the transit of propagation material. A heat treatment to inactivate the fungus is recommended by immersion in heated water at a temperature of 50°C for 15 min . Due to the important damages caused by them to citrus trees, attention should be paid to the presence of the phytophagous mite vectors of the disease, such as the citrus rust mite, citrus bud mite, and especially the citrus leprosis mite. According to Carvalho et al. (1989) , the use of Binapacril at 0.2% presented 100% efficiency in controlling these citrus mites without compromising the quality of the bud eyes for use in grafting.
Nursery tree production
The nurseries used for the production of citrus trees are completely enclosed, with an antechamber and a footbath with cupric and bactericidal products at the entrance for disinfection (BREMER NETO, et al., 2015) . The same applies for the production of propagation materials, such as mother trees and budwood increase blocks. The plastic roof facilitates sanitary and irrigation management and allows the use of heat to increase plant growth during winter. The use of 50% shading screens, reflective screens, or other roof coatings can reduce the effect of high temperature and is widely used during the germination phase (CARVALHO; SETIN, 2014) . During the night, the interruption of the dark period for one hour with the use of artificial lighting results in greater growth of sweet orange trees grafted on rootstocks sensitive to short photoperiods, such as 'Carrizo' citrange and ' Swingle' citrumelo (BRAR; .
In February 2017 the state of São Paulo adopted the status of an Area under Risk Mitigation to follow the changes in federal regulations related to the establishment and maintenance of the phytosanitary status of citrus canker disease (INSTRUÇÃO, 2017c) . The actions needed to eradicate or suppress citrus canker are no longer required there; rather, only measures to prevent the disease spreading to other areas and its management are required (RESOLUÇÃO, 2017) . The citrus tree nurseries should be located 200 m away from any disease focus. In the case of the disease's occurrence, a 1000-m quarantine zone is required for protection against the disease and to avoid nursery interdiction in the event of canker occurrence in adjacent areas (PORTARIA, 2017) .
The citrus tree production system can be divided into multiple, successive phases based on the nursery operation as follows: seed production and extraction, seed coat removal, germination in seedbeds, liner production, rootstock transplanting, grafting, and termination. Each of these phases is performed in specific facilities and follows strict state and federal regulations to guarantee tree health and quality. The specific details of each phase are discussed in the following sections.
Seed production, collection, processing, and storage: The rootstock seeds must be obtained from fully matured fruit, characterized by the typical peel color of each species. Seeds obtained from immature fruit may present germination problems, especially for P. trifoliata and hybrids. The use of fruit harvested from the ground and near the tree skirt is not recommended to avoid the occurrence of fungal diseases that may cause problems with seed conservation and seedlings damping-off. For the same reason, manual or mechanical seed injury during extraction must be avoided. The complete removal of the seed mucilage by immersion of the seeds in hydrated Rev. Bras. Frutic., Jaboticabal, 2019, v. 41, n. 6: (e-422) lime solution and subsequent washing must be carried out, followed by a heat treatment at 52°C for 10 minutes .
Citrus seeds are recalcitrant, presenting challenges in the maintenance of their physiological quality when kept in storage at low moisture content when compared to other types of seeds . In addition to treatment with fungicides, citrus seeds should be stored at low temperatures and properly wrapped in well-sealed plastic bags. Despite the gradual loss of germination potential with storage time, the seeds can be maintained in storage for up to 1 year (SIQUEIRA et al., 2002; Figure 3 . Irrigation systems used in commercial citrus nurseries for the production of rootstock seedlings, nursery trees and budstick in budwood increase blocks: A) shower head, hose nozzle or rain wand (Photo: Rhuanito Soranz Ferrarezi); B) perforated PVC pipes (Photo: Conan Ayade Salvador); C) micro sprinklers; D) spray bars; E) drip system; F) ebb-and-flow subirrigation (Photos: Rhuanito Soranz Ferrarezi) and G) Mobile bar in budwood block (Photo: Sérgio Alves de Carvalho).
Rev. Bras. Frutic., Jaboticabal, 2019, v. 41, n. 6: (e-422) SILVA, 2013; CONCEIÇÃO et al., 2015) .
Seedbed: The container type used in this phase is a cone-shaped plastic tube of 0.05 dm 3 volume, with longitudinal furrows that induce root growth toward the basal orifice, causing root meristem pruning. This 'air pruning' of the pivotal root favors the emission of secondary roots and increases root system development in comparison to seedlings grown in soil or other pot shapes . The containers should be kept suspended using plastic trays hanging over cables fixed to wooden or concrete posts (Figure 3 G-I) . The use of these containers facilitates plant sorting into homogeneous lots and optimizes tree management. Regarding the substrates, commercial products with a base of pine bark, vermiculite, organic materials, and/or coconut fiber have been used extensively. The potting mix should have a finer grain size than those used in the bags due to the small volume of the container. Growth media also must be pathogen-free, lightweight, of adequate porosity with good drainage, physically and chemically stable, and should not contain nutrients like boron (B) in excess to avoid toxicity (MATTOS JR. et al., 1995; PERIN et al., 1999) .
The removal of the seed tegument can be done manually after treatment with abrasive or caustic products. This procedure favors the speed and uniformity of germination and was well-described by Bremer Neto et al. (2015) . The effectiveness of seed coat removal may vary according to the rootstock variety used and should only be done at the time of sowing (GIRARDI et al., 2007a; TEIXEIRA et al., 2009; SETIN, 2014) . While seeding, only two or three seeds should be used per container, and one should avoid placing the seed with the micropyle in the upward position to reduce root deformation caused by kinking or curling (SILVA; CARVALHO, 2007) .
Seedling sorting after germination is an important process to eliminate atypical plants, which are often of hybrid or zygotic origin and have different leaf patterns and abnormal development. The occurrence of these variations depends on the rootstock, with higher percent occurrences in materials with lower rates of polyembryony, such as 'Rangpur' lime, in which the seedling discard rate can reach up to 60% (BREMER NETO et al., 2015) .
Transplanting: The seedlings reach 10 to 15 cm in height between 3 to 5 months after sowing, depending on the variety and the growing conditions. The liners containing the seedlings' root masses can be transplanted into larger containers to complete rootstock growth. The transplanting provides uninterrupted growth of the rootstock due to the reduction of root ball formation. The transplanted rootstock can be grafted within 3 to 4 months .
The process of citrus rootstock production by micropropagation starts in the laboratory, using growth rooms and appropriate combinations of growth regulators and nutrients for multiplication, elongation, and rooting. Information is available in the literature for different species (CARVALHO et al., 1991; SEN; DHAWAN, 2010; EED et al., 2011) . The various aspects of this methodology are also discussed by Carimi and De Pasquale (2003) , including seedling acclimatization under screened conditions and when grown in containers, following the same procedures as recommended for seed germination above.
Nursery phase: The containers for this growing stage should be at least 10 cm wide and 30 cm tall, with a substrate capacity of 4 L. Containers with higher capacity allow for greater vegetative growth (GIRARDI et al., 2005b) , although recent studies indicate that there is potential for the production of grafted trees in containers with reduced capacity (180 mL) . The most common materials used are plastic bags, which are foldable, present lower costs than rigid containers, and have the advantage of being a recyclable material, with no need for returning, washing, and disinfestation for later use. The bags are arranged in groups of 4, 6, 8, or 10 lines per bench, depending on the diameter, and should be suspended from the ground, hanging from benches with a minimum height of 40 cm and made of cement blocks and pre-fabricated material, but not wood ( Figure 3J) . A regular nursery can produce on average 20 to 25 trees per square meter, depending on the number and size of circulation areas, container size, and number of tree lines used per bench .
Regarding the substrate used, the media granulometry recommended for the final phase of the production process is one with a higher proportion of particles between 0.5 and 4 mm in diameter, which is larger than the substrates used for the seedbed phase (ZANETTI et al., 2003) . There are several commercial blends of the appropriate substrate currently available on the market (MOURÃO FILHO et al., 1998; ZANETTI et al., 2003; SETIN et al., 2005; FOCHESATO et al., 2007) .
Grafting and conduction: Grafting is usually performed at 10 to 20 cm from the substrate surface by normal T-or inverted T-type budding (INSTRUÇÃO, 2017d) . For the production of inter-grafted trees, the bud of the scion variety should be placed 10-12 cm above the grafting point of the inter-grafted variety (BREMER NETO et al., 2015) . The bud union is covered by plastic tape (traditional or degradable), which may or may not require removal depending upon the type used. After grafting, the rootstock stem is bent to induce sprouting. This technique presents increased vigor compared to that involving the decapitation of the rootstock above the grafting point (CARVALHO; MACHADO, 1997; CARVALHO, 2006) .
The lateral sprouts should be removed over time, and the sprouting of the grafted bud is conducted in a single stem system until maturation. The conduction can be done with or without tutors (metallic, plastic, or wooden stakes). The final pruning is performed when the stem is Rev. Bras. Frutic., Jaboticabal, 2019, v. 41, n. 6: (e-422) between 40 and 50 cm in height, and the cut area should be treated with fungicides. The tree can be planted as a single stem or kept in the nursery for canopy sprouting, with three to five spiral branches. To avoid the formation of a root ball, the tree should be maintained in the nursery for a maximum of 15 months from the rootstock sowing when it has a single stem, and for up to 24 months for nursery trees with branches .
Irrigation of rootstock liners in the seedbed: The irrigation systems traditionally used in the production of citrus liners include manual watering using shower heads, hose nozzles, rain wands, and perforated PVC pipes ( Figures 4A and 4B) (SALVADOR et al., 2016) , micro-sprinklers ( Figure 4C ), and spray bars ( Figure 4D ) (TESTEZLAF; FERRAREZI, 2017) .
Although widely used in seedbeds and nurseries, manual overhead irrigation using shower heads, hose nozzles, rain wands ( Figure 4A ), or perforated pipes ( Figure 3B ) requires intensive labor, and presents low application efficiency and excessive leaching, with the potential for soil, groundwater, and water table contamination with agrochemicals. On a seedbed, the use of overhead irrigation causes total canopy wetting, which favors the dissemination of certain diseases, such as citrus canker (BELHLAU; BELASQUE JR., 2014).
The irrigation of a seedbed can be automated with the use of spray bars designed to apply water through nebulizer sprays mounted on metal structures that automatically move on rails along the length of the greenhouse ( Figure 4D ). The amount of water applied is controlled by adjusting the speed of the moving spray structure. To eliminate the potential damages caused by the size of the droplets, nebulizer sprays should produce small droplets, but with enough flow to cross the leaf canopy and reach the substrate surface (TESTEZLAF; FERRAREZI, 2017).
New, innovative irrigation methods are needed to increase irrigation efficiency and eliminate the drawbacks of overhead irrigation. Subirrigation, an irrigation method that applies water to the bottom of containers and allows for its recirculation, is already available and is commercially used in other large plant production industries, such as those producing ornamental and woody species. This system induces the vertical movement of water through the substrate by the capillary rise principle. For comparative purposes, the data available in the literature indicate that sprinkler irrigation has an irrigation efficiency of 9%, the drip and capillary mats of 53%, and the subirrigation benches of 77% in the cultivation of potted plants (NEAL; HENLEY, 1992) . A high efficiency indicates that little water is lost through percolation, reducing the leaching of nutrients into the soil and reducing the potential of environmental contamination by salinization. The advantages and disadvantages of these technologies were described by Ferrarezi et al. (2015) . There are several types of subirrigation equipment available . The most widely used equipment is the ebb-and-flow bench ( Figure 1E) , in which the benches are filled with water up to 1/3 of the container height.
Studies on using ebb-and-flow subirrigation for citrus production were started in Brazil in 2005 at the University of Campinas's School of Agricultural Engineering (Campinas, SP, Brazil), and have been providing critical information regarding the use of this system at a large scale. These studies include the determination of the relationship between the water level height and the water retention time in the substrate in subirrigation systems (FERRAREZI et al., 2017a) , and the validation of operational parameters for the use of subirrigation benches (RIBEIRO et al., 2017) . Studies on the effect of subirrigation on the production of citrus rootstock liners were described by Ferrarezi & Testezlaf (2017a . The results of these studies demonstrated that ebb-and-flow subirrigation could be successfully used to produce 'Rangpur' lime liners, shortening the crop cycle by 30 days by anticipating the time of transplantation for grafting and allowing for the production of Phytophthorafree trees compared to when trees were irrigated manually by overhead irrigation using breaker nozzles. The monitoring and operation of this system was also successfully automated using soil moisture sensors, meaning that it is a promising piece of technology for use in optimizing citrus nursery tree production. Solis et al. (2016) compared subirrigation benches with sprinkler irrigation, drip irrigation, and capillary mats in Florida, USA, and observed similar production results among all methods, but greater water savings when using subirrigation than the other methods. However, the investment cost of drip irrigation is lower than those of subirrigation and manual irrigation. This is related to the lack of commercial equipment currently available for the application of subirrigation in citrus production and the high initial cost for infrastructure installation.
Irrigation of rootstocks and grafted trees: In addition to manual overhead irrigation, the most frequently used system for the production of nursery trees in citrus pots is drip irrigation using drippers with multiple outlets connected to microtubes, a system which is characterized by its simplicity of operation and maintenance ( Figure  1E ). This system can have one emitter with one-or multioutlet small tubes to route the water from the emitter to the trees. These small tubes are called distribution or spaghetti tubes and are usually 1/4 or 1/8 of an inch in diameter and made of polyethylene or soft vinyl FERRAREZI, 2017) .
A prototype of an automated mobile bar system was evaluated that presented efficiency in the addition of water and nutrients to budwood increase blocks maintained in pots NYSSEN, 2015; NYSSEN et al., 2016) (Figure 4G ). Despite being an expensive system, this technology can drastically reduce labor cost in nurseries, and can also be adapted for the application of pesticides through chemigation. The water jets should be directed towards the trunk of the nursery tree to avoid wetting young leaves and branches and prevent the transmission of citrus canker (BELHLAU; BELASQUE JR, 2014). Regulated deficit irrigation is another practice that presented promising results for citrus nursery tree production after grafting using a water potential threshold of -15 kPa in pine bark media (GIRARDI et al., 2018) . Rev. Bras. Frutic., Jaboticabal, 2019, v. 41, n. 6: (e-422) Fertilization in seedbeds and pots or bags: After the introduction of the use of containers, soilless substrates, and protected environments in the production of citrus rootstocks and trees, several studies were performed to adjust fertilization guidelines to obtain better results with these techniques SOUZA, 1996; PERIN et al., 1999; CARVALHO et al., 2000b; BERNARDI et al., 2000; REZENDE et al, 1995; SERRANO et al., 2004; GIRARDI et al., 2005a; GIRARDI et al., 2010b; PRADO et al., 2008) . Bataglia et al. (2008) developed the fertilizer recommendations for citrus tree production in São Paulo state, Brazil, by monitoring factors that affected the plants' nutritional status using a system known as a 'Diagnosis and Recommendation Integrated System' -DRIS (BEAUFILS ,   Table 5 . Foliar nutritional guidelines for rootstock liners of 'Rangpur' lime, 'Swingle' citrumelo, 'Cleopatra' and 'Sunki' mandarins, and grafted trees of 'Pera' sweet orange on 'Sunki' mandarin and 'Valencia' sweet orange on 'Swingle' citrumelo at the end of the first growth flush and before the final pruning. Adapted from Bataglia et al. (2008) .
Nutrient Rootstock liners Grafted trees 'Pera' on 'Sunki' and 'Valencia' on 'Swingle' 'Rangpur' 'Cleopatra' and 'Sunki' 'Swingle'
End of the first growth flush Before the final pruning Fertilization in nurseries uses granular, controlledrelease, and water-soluble fertilizers (during fertigation using separate tanks). In general, a fertilizer solution containing the following concentration (in mg/L) is considered balanced for the cultivation of citrus plants in substrate using fertigation: N (200), P (18), K (152), Ca (140), Mg (29), and S (21) (BATAGLIA et al., 2008) . However, information on the chemical composition of the irrigation water and substrate is important to make appropriate adjustments to this nutrient solution and determine the concentrations of micronutrients that should be incorporated into the final fertilizer solution.
Positive effects of mineral nutrition on the growth of different rootstocks and grafted trees have been obtained with the use of arbuscular mycorrhizal fungi and other beneficial microorganisms (BOGAS et al., 2016; BACK et al., 2017; CARDOSO et al., 1993; OLIVEIRA et al., 1992; MELLONI; CARDOSO, 1999; FREITAS; AGUILAR-VILDOSO, 2004; WEBER et al., 1990) . However, despite its great potential, especially for the current model of citrus tree production system using soilless substrates and greater environmental control, there have been no studies of the application of these methods at a larger scale that can serves as references for their evaluation, and thus their use is still restricted to a few commercial nurseries.
Management of vectors, pests, and diseases: The use of healthy trees produced in a protected environment 1973). Chemical analyses of foliar macronutrient contents were carried out in a reference population, based on which DRIS indices were calculated and the optimum nutrition levels were determined for rootstocks and trees at different stages of development (Table 5) .
The reference standards of Bataglia et al. (2008) indicated that 'Swingle' citrumelo requires higher concentrations of N, Mg, and S when compared to other rootstocks (Table 5) . Grafted trees at the end of the first growth flush and before the final pruning also had higher N and K concentrations, demonstrating the shoot's ability to control nutrient demand. A similar study with 'Rangpur' lime and 'Swingle' citrumelo rootstocks ready for grafting in a commercial citrus nursery showed that DRIS is efficient at establishing regional criteria for nutrient sufficiency ranges (REZENDE et al., 2017) .
Rev. Bras. Frutic., Jaboticabal, 2019, v. 41, n. 6: (e-422) is a fundamental component of the current integrated pest management used in citriculture. In Brazil, this system started in the late 1990s and early 2000s in the state of São Paulo (SÃO PAULO, 2005a; 2005b) as a preventive measure against the spread of CVC, and in later years it was also extended to other states for the prevention of the CSD and HLB diseases. Current legal norms for the production of citrus nursery trees in São Paulo are available in São Paulo (2018a Paulo ( , 2018b Paulo ( , 2018c Paulo ( , 2018d .
Nursery trees must be free of CVC CSD, HLB, citrus canker, root-rot, and nematodes. These trees are regularly inspected and monitored, and contaminated trees are destroyed. Production in a protected environment does not on its own guarantee that pest-and disease-free trees will be grown, and a series of additional measures are necessary to guarantee the protection of trees in addition to those previously discussed under the topic of indexing. Although certain pests and diseases that affect citrus trees are not legally restrictive of their commercialization, they can still cause economic or aesthetic damages. Considering the high cost of production and the strict regulations of the citrus nursery industry, it is necessary to identify the occurrence of such problems early as a preventative measure. The maintenance of a small-scale analytical lab in the nursery and the strict control of agricultural inputs used in the nursery (irrigation water, fertilizer, substrate, seeds, budwood, and rootstocks) are decisive tools to avoid unexpected surprises.
The production of citrus trees in protected nurseries using anti-insect screens with 0.87 × 0.30 mm mesh is the main preventive measure against diseases transmitted by insects. Target insects include: the Asian citrus psyllid, a vector of Candidatus Liberibacter spp. Jagoueix et al., the bacteria associated with HLB; leafhoppers of the subfamily Cicadellinae, which transmit Xylella fastidiosa Wells et al., 1987 , the causal agent of CVC, especially Bucephalogonia xanthophis (Berg), which is more frequent in nurseries and among young plants; and the brown citrus aphid, Toxoptera citricida Kirkaldy, a vector of the CTV and CSD (PARRA et al., 2005) .
Other measures have also been used to manage vectors in citrus nurseries, such as the use of yellow sticky traps in the antechambers to monitor the insects that enter there and the use of plastic in the nursery cover to block ultraviolet radiation, which may interfere with the ability of ACP to fly and find its host (MIRANDA et al., 2015) . The drench application of imidacloprid and thiamethoxan systemic insecticides to the nursery trees a few days before planting them in the field controls ACP and other vectors for up to 90 days (SANCHES et al., 2009; MIRANDA et al., 2016 (BREMER NETO et al., 2015; RODRIGUES and OLIVEIRA, 2005) . These pests require constant monitoring, since they depreciate the commercial value of the nursery trees. Fungus gnat (Bradysia spp.) flies are also a recurring problem in seedbeds as their very small, semi-transparent white larvae feed on the roots and root hairs of seedlings .
Since root-rot (Phytophthora spp.), including Phytophthora nicotianae Breda de Haan (sin. P. parasitica) and P. citrophthora (R.E. Sm.; E.H. Sm.) Leonian (LARANJEIRA et al., 2005) , is the most important disease in citrus nurseries, the citrus trees produced should be Phytophthora-free. Surveys carried out after the implementation of regulations to protect trees in São Paulo indicated that the spread of Phytophthora spp. root-rot can be significant in nurseries that do not use preventative control measures (SALVA, 2004; GRAHAM; FEICHTENBERGER, 2015) . Some nurseries have small laboratories to analyze samples collected throughout the production cycle to monitor for the presence of diseases in substrate batches and in the nursery, promptly eliminating any possible sources of fungal inoculum. The most frequently used method is the bait test, given its simplicity and low cost (SIVIERO et al., 2002) . Briefly, in this test the substrate samples are inserted into a plastic cup filled with disinfected water. Healthy leaf discs of citrus are placed on the surface of the water, and the glass is covered with plastic film and kept under constant artificial lighting. After one week, the disks are collected and analyzed under a microscope for the observation of any hyphae, sporangia, and zoospores of Phytophthora spp.
Other diseases that may occur in protected nurseries require rigorous preventive measures, including citrus canker (caused by Xanthomonas citri subsp. citri); damping-off (caused by Rhizoctonia solani Kühn, and in some cases by Pythium sp. and Fusarium sp.); albinism (caused by Alternaria tenuis Nees and Aspergillus flavus Link); 'Rangpur' lime and sour orange scab; Alternaria leaf spot (caused by Alternaria citri Ellis & N. Pierce); citrus black spot; the citrus nematode Tylenchulus semipenetrans (Cobb); and the citrus root lesion nematodes Pratylenchus jaehni Inserra et al. and P. coffeae (Zimmermann) Goodey (LARANJEIRA et al., 2005; SANTOS et al., 2005) .
Foliar spraying with metallic copper and other agrochemicals does not guarantee the health of the young trees, although some nurseries do this as a preventive Rev. Bras. Frutic., Jaboticabal, 2019, v. 41, n. 6: (e-422) measure. The disinfestation of vehicles, tools, equipment, and utensils used in the nursery with a quaternary ammonia solution is much more effective, as well as the disinfestation of hands and footwear and the use of clean clothing. Restricted staffing traffic and the use of healthy propagation materials (seeds, budwood, and rootstock liners) are essential. Other prevention measures include the use of localized irrigation, keeping the canopy as dry as possible, especially for such young susceptible tissues as new sprouts and graft shoots, to discourage the spread of the disease and reinfection. Trees should be kept away from the side screens to avoid rain splashes as well.
As discussed previously, the main substrates used in the production of citrus nursery trees have a base of composted pine bark and coconut fiber. Due to inadequate composting, macrofungi can be present in commercial batches. The basidiomycete Leucocoprinus birnbaumii (Corda) Singer is the most common, producing yellowcolored mushrooms, as well as other species, such as the dung-loving bird's nest mushroom Cyathus stercoreus (Schwein.) De Toni, the white or skullcap dapperling mushroom Leucocoprinus brebissonii (Godey) Locq., the false truffle Agariaceae incertae sedis, and the red mushroom Gymnopilus dilepis (Berk. & Broome) Singer (AGUILAR-VILDOSO, 2009). These macrofungi generally do not cause direct damage to the citrus plants; however, they induce substrate hydrophobicity, which means the irrigation of the plants is not as effective, especially after transplanting them to the field, which can cause decreased plant growth and even tree death. Chemical control should be used in association with the manual elimination of fungal structures from the substrate.
Weeds should be avoided in the nursery because they shelter citrus pests, cause commercial depreciation, and compete for water and nutrients, reducing tree growth. Oxalis corniculata L. and Cardamine bonariensis Pers. are the most frequent weed species that grow on the same substrate as citrus nursery trees (ALVES, 2007) . Manual weeding is preferred over the use of herbicides due to the risk of phytotoxicity to the citrus plants.
Nursery management tools
The management of a citrus nursery is a complex activity that involves planning, executing, monitoring, and adjusting a series of interconnected processes and activities. In addition to the technical processes inherent to citrus propagation related to cultural practices, integrated pest management, fertilization, and irrigation decisions, there are several administrative tasks involved, such as marketing, procurement, sales, inventory management, personnel hiring, leadership, and customer service.
The labor and input usage are the most important components in the cost management of nursery production (BREMER NETO et al., 2015) . The demand for these factors depends on the evaluation of the production system and its technical efficiency indicators, which requires constant and accurate data collection and analysis. In addition to the production system, other relevant components of the management involve certification programs, which require a series of procedures to be undertaken by the nursery that often require a more professional management strategy (INSTRUÇÃO, 2017d) .
The technical management of the nursery should be coordinated by integrated systems capable of generating reports. Computer software can be used to plan and monitor activities and to calculate production costs for professional business administration. Some programs are commercially available in the Brazilian market, ranging from apps developed by small nurserymen to complex systems created by specialized companies. The latter are usually adapted from those used in other farming activities, in particular for the management of orange production farms or nurseries of ornamental and other tree crops. Some examples of software adapted for use in citrus nurseries are those developed by Altec (Araras, SP, Brazil) (http://www.altec.inf.br) and by MasterPlanti (Curitiba, Paraná, Brazil) (http://www.masterplanti.com. br). Integrated computer-based information systems have been successfully developed for implementation in traceability and certification of the citrus nursery chains in Italy, and also serve as an example for the application of such systems in this industry segment in other citrusproducing regions (PORTO et al., 2011 (PORTO et al., , 2014 .
Final considerations
The technological advances incorporated into citrus tree production in protected nurseries to exclude vectors of CTV, CVC, and most recently HLB, make it a formidable system for the production of high-quality trees for citriculture in Brazil, and in São Paulo state in particular. Among the main elements of this innovative system, we have highlighted its use of healthy basic materials and pathogen-free water and substrates, as well as the greater control of production processes, with benefits to tree health. The possibility of controlling environmental factors with the use of plastic covers and containers, and the adequate management of fertilizer, phytosanitation, and irrigation results in the production of rootstocks and grafted trees with outstanding quality in a shorter time in comparison to the traditional, unprotected field system. The easiness of selection and standardization of plants in containers, with transplanting performed without disturbing the root system, allows for the better survival of transplants in the field and planting year-round.
However, the production of citrus trees still presents several challenges despite the many recent technical advances made therein. The system used in São Paulo state has become a worldwide reference for citrus tree production, but it has yet to be implemented nationwide in Brazil. However, only its nationwide application will be able to adequately contain the dissemination and financial damage caused by diseases that threaten Brazilian citriculture, especially in regions with limited labor training.
In the coming years, the nursery industry should increase the use of automation in the different stages of basic material and tree production, with concurrent decreases in labor costs and lower risk to employees' health. Nurserymen should use micropropagation to accelerate the production of higher quality trees at lower cost. The availability of new technologies, such as different container types, especially related to those with a smaller capacity that combine the formation of high-performance nursery trees at less cost, as well as diversification and optimization of substrates, fertilizers, and products to control pests and diseases, are also necessary. The nursery industry needs to have access to new chemical and biological molecules to control pests and diseases, and modern kits for the determination of genetic origin and disease diagnostic tools for rapid and reliable on-site testing. Finally, it is necessary to improve the management systems applied in the nurseries.
The longstanding truth of the importance of citrus nursery trees, however, will remain unchanged with future innovations in nurseries: the nursery tree will continue to be the 'keystone of citriculture' (ROLFS; ROLFS, 1931) .
